e high content of chlorine in biomass will cause serious ash deposition and corrosion problems on the heating surface in boiler, reduce heat transfer efficiency, and endanger the boiler operation safety. On the basis of discussing the mechanism of chlorine corrosion to heating surface in the boiler, the temperature, atmosphere, and fouling in the boiler are simulated by high-temperature reaction device. Reaction kinetics of chlorine corrosion to heating surfaces during coal and biomass cofiring was studied by the weight gain method, which provides a theoretical basis for solving the problem of corrosion and improving the safety of boiler operation. e results show that the weight gain caused by corrosion increases with time, and its curve is in accordance with the parabola. In the early stage, the corrosion rate is very fast, and the corrosion gradually slows down after the protective layer is formed. e mixing ratio of straw biomass increases, and the corrosion rate increases proportionally. With the increase in temperature, the rate of corrosion reaction increases continuously. When the temperature exceeds 600°C, the corrosion reaction rate increases greatly. e concentration of HCl in the gas phase increases and the rate of corrosion reaction increases rapidly. Under the constant temperature, the reaction kinetics characteristics of chlorine corrosion were analyzed by model function matching. e best kinetic model function for calculating the kinetic parameters was determined, and the kinetic equation of corrosion reaction was established to quantitatively characterize the corrosion reaction.
Introduction
Fossil fuels such as coal continue to be consumed and result in the environmental problems that are becoming increasingly prominent. Biomass, a kind of green renewable energy source, has drawn more attention all over the world [1] . Biomass resource in China, especially crop straw, is abundant. Besides, cofiring technology applied in coal-fired boilers is a promising biomass utilization approach [2] . If biomass is used in large power plants and directly blended with coal to combust in coal-fired boiler, existing facilities of the power plant can be utilized without a large amount of investment; therefore, it is a low-cost and low-risk way to utilize renewable energy at current stage [3, 4] .
During cofiring of biomass and coal, especially large amounts of straw biomass and coal blended to combustion, owing to high contents of alkali metal and chlorine in straw biomass, it would lead to deposition, slagging, and corrosion problems of metal heating surfaces which could seriously harm the safety and economy of boiler equipment and consequently limit large-scale use of biomass in power plants [5] [6] [7] . e corrosion of heating surface metal is divided into gas phase corrosion and ash corrosion. Gases such as HCl and Cl 2 cause gas phase corrosion. In an oxidizing atmosphere, the metal surface is oxidized to an oxide film, which prevents corrosion from proceeding further [8] . However, the gas chloride also reacts with the metal to form a metal chloride.
e metal chloride is oxidized and releases Cl 2 again, and Cl 2 diffuses into the gas for a new round of reaction, which is named active oxidative corrosion [9] . In a reducing atmosphere, the metal oxide film is absent, and the Cl 2 can directly react with the metal. Ash deposition is the main cause of high-temperature corrosion [10] , due to the large amount of KCl in the ash. e sedimentary layer of ash is divided into three layers, wherein the innermost main component is KCl, the middle layer is K 2 SO 4 , and the outermost layer is mainly SiO 2 [11] . It was found that the precipitation of K in wheat straw, rice straw, and rice husk was higher, and the precipitation of Cl in corn stalk and cotton stalk was higher [12] . KCl can directly react with the oxide film on the metal surface to form Cl 2 , metal oxides, and potassium compounds [13, 14] .
e current related research mainly focusing on characteristics of combustion, pollutant emission, and ash fusion during cofiring of biomass and coal [15] [16] [17] [18] seldom involves in corrosion problem of metal heating surfaces. Hence, the problems of chlorine corrosion to metal heating surfaces will be studied in this paper to explore the process mechanism and reaction kinetics characteristics of chloride corrosion to metal heat delivery surface in large coal-fired power plant boiler during biomass and coal cofiring. It can quantitatively analyze the corrosion process under constant temperature conditions, provide a reference for the optimization of boiler operating parameters, and provide the theoretical foundation for extensive and efficient use of biomass resources.
Chlorine Corrosion Mechanism
During cofiring of biomass and coal, the corrosion to metal heating surfaces in boiler was mainly related to chlorine and sulfur in fuels [19] .
e precondition that influences the corrosion most is the molar ratio between sulfur and chlorine in the fuel [20] . When the amount of biomass blended to coal was large, corrosion effect was given priority to chloride corrosion to metal. Studies found that chlorine in biomass fuel played an important role in high-temperature corrosion to metal heat delivery surface in boiler. When the content of chlorine in biomass fuel reached a certain value, the corrosion effect of chlorine would be greater than that of sulfur in biomass fuel. Some studies indicated that hightemperature corrosion involving chlorine tended to be serious when the content of chlorine in the fuel was more than 0.3% [21] . Chlorine mainly presented in the form of HCl, Cl 2 , KCl, and NaCl during cofiring of biomass and coal, and corrosion effect of HCl in flue gas was principal. Experiment results showed that 95% of chlorine in fuel released with converting into HCl during flue combusting [22] .
HCl releasing from fuel combustion is gaseous corrosion medium with high activity. It can directly react with metal heat delivery surfaces and actively involves in corrosion to Fe, FeO, Fe 2 O 3 , Fe 3 O 4 , and Cr 2 O 3 under high-temperature condition:
Owing to the presence of HCl, the protective oxide film on the surface of the metal can be destroyed. It makes the transmission rate of gaseous corrosion medium toward metal interface increase and consequently leads to corrosion to metal base.
When the surface temperature on the pipe wall exceeds the melting point temperature of FeCl 2 , FeCl 2 will evaporate into gas phase. When FeCl 2 escapes into flue gas, due to oxygen pressure increasing along the way, FeCl 2 is oxidized by O 2 to form Cl 2 :
e formed Cl 2 permeates into the metal surface and reacts with Fe, FeCl 2 , and Cr 2 O 3 as follows:
FeCl 3 formed in the above reaction, which is of low melting point (303°C) and high vapor pressure (1670 Pa), is very easy to volatilize under the surface temperature of the metal. It causes gaps in the protective film and the film becomes loose and significantly reduces the transmission resistance of active gaseous corrosion medium to metal base interface. In addition, corrosion products are more likely to spall off, thereby promoting the reaction process of corrosion to metal. en formed FeCl 3 will be transformed into Cl 2 under certain conditions:
In the above cyclic reaction process, Cl 2 with strong oxidization constantly erodes iron and its compounds. Hence, the reaction process of chlorine corrosion is of repetitive features.
Furthermore, chloride and sulfur oxides will coexist during cofiring of biomass and coal, by means of O 2 and H 2 O, and it not only accelerates the formation of sulfate but also contributes to produce HCl and Cl 2 , which greatly increases the extent of high-temperature corrosion [23] :
e above analysis shows that chloride and its reaction products HCl and Cl 2 are the main causes of the hightemperature corrosion to metal heating surfaces in boilers.
e main factor leading to corrosion to metal heating surfaces is that HCl reacts directly with the heating surface metal, consequently accelerates the oxidization of metal alloys, and then results in corrosion which is active oxidation corrosion [24] . Cl 2 , which is similar to the catalyst, has almost no consumption in the corrosion process [25] . If HCl and Cl 2 are supplied constantly, the recurrent corrosion will be always going on to damage the iron and its compounds and seriously endangers the operation safety of boiler equipment.
Experimental System and Experimental Method
3.1. Experimental System. e experimental system of chlorine corrosion on heating surfaces is illustrated in Figure 1 , which consists of gas distribution device, hightemperature tube reactor, temperature control unit, and absorption apparatus for tail gas. e gas distribution device provides the simulated flue gas for experiment requirement.
e proportion of the components of simulated flue gas is controlled by regulating the gas flow from 3 gas cylinders.
e gases flowing out of gas cylinders are mixed in the gas mixing device sufficiently and then feed into the hightemperature tube reactor to simulate flue gas atmosphere in the area of superheater. In the high-temperature tube reactor, the silicon-carbon tube acts as a heating element with built-in corundum tube forming experimental closed flattemperature zone. Metal specimens in porcelain combustion boat are put into the closed flat-temperature zone through a sample delivery device.
e reaction region in the hightemperature tube reactor keeps the temperature constant with a temperature controller to simulate the temperature in the area of superheater. In the temperature controller, the temperature ranging from indoor to 1600°C is measured by platinum-rhodium platinum thermocouples, and automatic temperature accommodometer is used for data display and temperature control. A large amount of HCl gas containing in simulated flue gas after the reaction is completely absorbed by absorber bottle with NaOH solution in case of personnel poisoning and environment polluted.
Experimental Samples.
e biomass samples are straw biomass including corn stalks and wheat stalks in Shandong Province, and coal sample is lean coal. Before the experiment, the biomass and coal samples were ground into powder of 200 mesh by using a small coal mill and an electric vibrating screen and dried in the drying oven under the temperature of 105°C.
e preparation of coal ash is accorded with the method in the coal quality analysis standard GB/T212-2001, and the standard ASTM E1755-01 should be used for the preparation of biomass ash. e proximate analysis and ultimate analysis of biomass samples and coal sample, and ultimate analysis of ash samples are shown in Tables 1 and 2, respectively. e cofiring ash samples in the experiment are made of mixtures of biomass ash and coal ash obtained with the above methods. e metal specimen is made of T91 steel which is commonly used on heat delivery surface of superheater in boilers and has high allowable stress, endurance strength, fatigue strength, thermal conductivity, and well corrosion resistance [26] . e chemical contents of T91 steel are listed in Table 3 .
Experimental Conditions.
e cofiring ash samples of coal and biomass are made of mixture of biomass ash and coal ash based on the weight percentage of fuel before burning. e blending proportions of biomass are 0%, 20%, 50%, and 100%, and under normal conditions that is 50%. In the course of experiments, O 2 concentration is 6%, CO 2 concentration is 12%, HCl concentration is 500 μL·L − 1 , and N 2 is used as balance gas to keep stable flow of mixing gas which is 50 ml·min
. When the experimental conditions changed, the HCl concentration ranges are 0, 200, 300, and 500 μL·L − 1 . e ranges of temperature are 450, 500, 550, 600, and 650°C, and normal condition is 600°C.
Experimental Methods.
Before the experiment, the metal pipe used on the heat delivery surface of superheater in boilers was made into specimens of 30 mm × 8 mm × 4 mm. e specimens were successively polished smoothly by sandpaper of 200 mesh and 1000 mesh, and the size of specimens was measured accurately with vernier calipers in order to calculate the surface area. First, the specimens were put into absolute ethyl alcohol to clean and degrease, and their surfaces were blotted up with filter paper. en, the specimens were put into the drying oven under the temperature of 105°C. After 30 minutes, the specimens were taken out and their weights were measured.
en, the specimens were coated with cofiring ash samples fasten with absolute ethyl alcohol on the surface and put into the drying oven again to dry for 20 minutes under the temperature of 105°C, and finally taken out to be used for experiments.
e coated metal specimens along with porcelain combustion boats were put into the flat-temperature zone of the high-temperature tube reactor. e experiments on static oxidation were carried out, and method of corrosion mass gain was used to determine the extent of corrosion to metal. According to the results of previous experimental studies, the extent of corrosion to metal specimens had great growth in the early 20 hours and tended to stable after 30 hours, and hence, the total experimental time of corrosion to metal specimens was determined to be 30 hours, metal specimens were weighed for every 6 hours, and weighing time is controlled within 20 minutes to ensure that each weighing interval is equal.
Results and Discussion

Characteristics of Chlorine Corrosion
Analysis of Reaction Characteristics of Corrosion
Chloride.
e corrosion mechanism of the metal heating surface shows that a large amount of chloride in the ash deposition on the superheater and gaseous chlorine released during the combustion are the main reasons for the corrosion to the heating surface in boiler. Gaseous chlorine can directly react with the heated surface metal, and there are two ways for alkali metal chloride corrosion: first, it will react with SO 2 in flue gas to form sulfate near the metal surface, and the reaction products HCl and Cl 2 cause active oxidative corrosion which can exacerbate the metal corrosion; the second is to form a low-temperature eutectic with other corrosion products, resulting in the oxide layer on metal surface melting and exacerbating the corrosion. e high-temperature tube reactor was used to simulate high-temperature environment in the area of superheater. Cofiring ash of coal and biomass served as ash deposition was coated on the surface of metal specimens in order to simulate the effect of ash deposition on corrosion to metal heating surfaces, and mixing gas consisting of HCl, O 2 , CO 2 , and N 2 was used to simulate flue gas atmosphere in boilers. e issues of chlorine corrosion to metal heating surfaces of superheater in boilers were experimentally studied in this paper, with simulating the operating condition of metal heating surfaces of superheater in boilers.
Figures 2 and 3 illustrate the mass gain curves of corrosion to T91 steel specimens coated with cofiring ash of coal and biomass blended to coal with different percentages. It can be found from the above figures that the mass gains of corrosion to metal specimens increase along with the lapse of time. e mass gains of corrosion to metal specimens increased rapidly at the initial stage, which was a rapid corrosion stage, and then gradually slowed down and tend to be flat at the later stage. e curves of corrosion mass gains accorded with parabola. e corrosion process of the samples is analyzed as follows: when iron or iron alloy is exposed to a high-temperature oxidation environment, the outer layer of the metal will gradually oxidize into a stable and dense oxide film. But the alkali metal chloride in the ash reacts with the oxide film on the metal surface, and releasing Cl 2 , resulting in the destruction of the metal oxide film. e Cl 2 can penetrate the protective oxide film, diffuse to the interface between oxide film and metal, and react with the metal to form a metal chloride.
e metal chloride has a lower melting point. When the temperature of the metal tube is high, metal chloride will evaporate and diffuse to the surface of the oxide film, react with the oxygen in flue gas, and gradually form a loose oxide layer. e oxide layer cannot protect the metal from further corrosion. is reaction generates Cl 2 again, and Cl 2 returns to the metal surface through the loose oxide layer, so that the corrosion process continues. In the initial stage, there are more alkali metal chlorides in ash, and the corrosion rate is fast; as the reaction continues, the alkali metal chloride content gradually depletes, and the corrosion reaction rate also gradually decreases. It can be also found from the above figures that with increasing the percentage of straw biomass blended to coal, the rate of corrosion to metal specimens increases proportionately, and corrosion to metal specimens was most serious when all was straw biomass.
e reason can be explained as follows. During cofiring of coal and straw biomass, the content of residual chloride in ash deposition increased with the straw biomass blended to coal. Chloride in ash deposition will participate in salinization to form aluminosilicate and release HCl from the metal surface, thus accelerating the process of corrosion reaction and increasing the rate of chlorine corrosion.
Effects of Temperature on Chlorine Corrosion
Characteristics. Temperature had a significant influence on corrosion to metal. e operating experiences from foreign biomass power plant showed that when the temperature of steam in superheater was high, the serious corrosion would occur generally on the pipe wall of superheater [27] , but when the temperature of steam in superheater was low (such as 450°C), the serious corrosion was not found [28] . Figure 4 illustrates the mass gain curves of corrosion to ash-coated metal specimens under different temperatures. It can be found that the rate of corrosion to metal specimens increases constantly with temperature increasing. When the temperature was below 600°C, it had a little influence on corrosion to metal specimens and the rate of corrosion to metal specimens increased slowly. But when the temperature exceeded 600°C, the rate of corrosion to metal specimens increased significantly.
e reason is mainly due to the different corrosion mechanism.
In the initial stage of the corrosion, all elements in the metal are jointly participated in the reaction. As a crucial element of the alloy, Cr can preferentially react with oxygen and form a dense and adhesive oxide film, so that the corrosion resistance of metal can be enhanced. However, when the temperature increases, the diffusion velocity of C in the interior of the metal grain is greater than Cr. e formation and precipitation of carbides in the metal base cause local chromium deficiency near the grain boundary. Alkali metal chloride such as NaCl from deposits easily reacts with metal carbides to generate Cl 2 , which causes severe intergranular corrosion. Intergranular corrosion spreads inward along the interface between metal grains, which greatly reduces the mechanical strength of the metal. e higher the grain boundary carbon content, the more severe this effect. It is observed from the corrosion layer on the metal surface that with the increase in temperature, the corrosion layer became thicker and serious pitting corrosion occurred gradually on the surface.
In addition, when the temperature is low, the metal corrosion is mainly common oxidative corrosion. Once the temperature increases, the alkali metal sulfate in the ash deposit becomes a molten liquid phase on the surface of the oxide layer, which rapidly exacerbates the corrosion. During the cofiring of biomass and coal, due to the sulfation reaction, there is a large amount of sulfate in the ash deposition, and it also contains some alkali metal chloride. Alkali metal chlorides in ash deposition may cause the melting point of low-temperature comelts to decrease further. e metal base is easier to be corroded by the HCl and SO 2 /SO 3 in the surrounding gas phase due to the melting and destruction of the protective oxide layer, which makes the corrosion exacerbate.
Effects of HCl Concentration on Chlorine Corrosion
Characteristics.
e views on the effect of HCl on chloride corrosion to metal were different. Montgomery and Larsen considered that the corrosiveness of HCl was lower than the corrosiveness of KCl in depositing on the surface of the oxidation layer [29] . Lith et al. found from experiments that when there was the element chlorine in ash deposition, the presence of HCl was not a necessary condition for the chlorine corrosion, but it can accelerate chlorine corrosion [30] . Yin and Wu found by the study on corrosion of Journal of Chemistry 5 chlorine in biomass that the rate of corrosion to metal increased proportionally with the increase in the concentration of HCl [31] . Figure 5 illustrates the mass gain curves of corrosion to ash-coated metal specimens under different concentrations of HCl. It can be found that if there is no HCl in the gas phase, mass gains of metal specimens vary a little and the rate of corrosion is very low. With the increase in the concentration of HCl, mass gains of metal specimens vary a lot and the rate of corrosion increases rapidly. Because the oxide layer on the metal surface cannot block the penetration of HCl, HCl can penetrate the cracks or pores on the metal surface and contact and react with metal alloy elements (Fe, Cr, and Ni). With the increase of HCl, the chlorine pressure difference between atmosphere/oxide film interface and oxide film/metal interface increases, which enhances the kinetic force of HCl diffusion to the metal surface, so HCl can easily pass through the oxide film and accelerate corrosion. In addition, the higher the concentration of HCl, the stronger the active oxidation. As the HCl concentration increases, the mass gain of the metal sample changes greatly, and the corrosion rate increases rapidly.
Reaction Kinetics of Chlorine Corrosion
e Basic Equation of Corrosion Reaction
Kinetics. e main task in the study of chemical reaction kinetics is how to determine the process mechanism of chemical reaction and relevant reaction kinetics parameters [32] . In experimental study on characteristics of chlorine corrosion to metal heating surfaces, every experiment of chlorine corrosion to metal specimens was carried out under constant temperature condition. Hence, the reaction rates of corrosion to metal specimens were described by constant temperature and heterogeneous reaction kinetics equation [33] :
In (14), τ is the reaction time, k is the reaction rate constant, and α is the conversion rate from reactants to resultants in the time of τ. α � w − w 0 /w ∞ − w 0 , w 0 and w ∞ are the initial and final weight of specimens, respectively, w is the weight of specimens in the time of τ. f (α) is the reaction kinetics model function which reveals the mechanism of chemical reaction.
e relationship between reaction rate constant k and temperature T is expressed by Arrhenius law [34] :
In the (15), A is the frequency factor, E is the activation energy, T is the reaction temperature, and R m is the universal gas constant and its value is 8.3145 J·mol
. e basic equation of reaction kinetics of corrosion to metal is obtained through substituting (15) into (14):
Determination of the Optimal Dynamic Model
Function. e reaction kinetics model function f(α) expresses a certain functional relationship to follow between the rate of chemical reaction and conversion rate α and represents the chemical reaction mechanism. Its corresponding integral form is defined as follows:
e correctness of reaction kinetics model function had great effects on kinetics parameters of reaction. e characteristics of chemical reaction kinetics can be analyzed by various methods to determine the correct reaction kinetics model, such as isothermal method, nonisothermal singlescan method, kinetic compensation effect method, and nonisothermal multiple scan method [35] . e isothermal method will be used to solve the following problems because experiments of chlorine corrosion to metal specimens are carried out under constant temperature condition. Journal of Chemistry e isothermal method is relatively simple, and the model fitting method is generally used to fit experimental data with reaction kinetics model functions. At a certain constant temperature, the reaction rate constant k is constant, so it can be separated with f(α) or G(α) by substituting (16) into (17):
From (18), it can be seen that G(α) has a linear relationship with time τ, and the slope of the line is the reaction rate constant k. A set of data of α and τ under constant temperature condition is selected to substitute into tentative G(α) and draw the relationship curve of G(α) versus time τ. If f(α) corresponded to G(α) has a optimal linear relationship with time τ, it is deemed to be the optimal reaction kinetics model function.
Establishment of Reaction Kinetics Equations of Chlorine Corrosion.
e purpose of the study on reaction kinetics of chlorine corrosion to metal is to determine the optimal kinetics model function f(α), calculate the reaction kinetics parameters A, E, and the reaction rate constant k, then put forward reaction rate function, and finally obtain reaction kinetics equations to quantitatively represent the process of chlorine corrosion reaction. Hence, the characteristics of reaction kinetics of chlorine corrosion to metal were studied in this paper with isothermal method basing on experimental data listed in Figure 4 . Table 4 getting from Figure 4 shows the conversion rate of metal specimens at different times under certain temperature. e reaction kinetics model functions listed in Table 5 were chosen to use for tentative model function to fit model. e data in Figure 4 were, respectively, substituted into G(α) corresponding to six reaction kinetics model functions selected in common use, to obtain the value of G(α) at different times τ under certain temperature. e relationship curves of G(α) versus τ were drawn respectively and fitted linearly, and then f(α) corresponded to G(α), which has optimal linear relationship with time τ, was deemed to be the optimal reaction kinetics model function.
By means of drawing respectively and fitting linearly the relationship curves of G(α) versus τ, the optimal reaction kinetics model function was obtained to be G(α) and f(α) corresponding with one-dimensional diffusion model. Only the relationship curves of G(α) versus τ fitted linearly with one-dimensional diffusion model are given in Figure 6 .
(15) was taken logarithm on both sides:
From (19) , it can be seen that the relationship between ln k and T − 1 was linear and the parameters A and E were calculated through the intercept ln A and slope − E/R m .
e values of k under certain temperature were obtained from fitting curves in Figure 6 and corresponding values of T − 1 and ln k are calculated in Table 6 . Basing on the data in the above table, the relationship curve of ln k versus T − 1 was drawn and fitted linear and is shown in Figure 7 
e time integral of (20) was taken. Because the experiments were carried out under constant temperature, temperature was not a function of time and therefore considered as constant. At the time of τ � 0, the experiments have not started, and the conversion rate was zero. In other Table 5 : Model functions of reaction kinetics.
Model functions
Secondary nucleation and growth reaction A2
Secondary phase interface reaction R2 2(1 − α)
Journal of Chemistrywords, if τ � 0, then α � 0. e equation of the conversion rate α through integral is obtained as follows:
Conclusions
During cofiring of coal and biomass, alkali metal chlorides, HCl and Cl 2 , cause high-temperature corrosion to metal heating surfaces in boilers. HCl is the main factor leading to corrosion to metal heating surfaces, which can directly react with metal heating surfaces and accelerate oxidization of alloy. Cl 2 has almost no consumption in the process of corrosion, which was similar to the catalyst. If HCl and Cl 2 were supplied constantly, the recurrent reaction process of corrosion will be always going on, and thus, it is of repetitive features. If chlorides coexist with sulfur oxides, the process of high-temperature corrosion will greatly be accelerated. e mass gain curves of metal accorded with parabola, and the degree of corrosion is greatly affected by the blending ratio of biomass. At the initial stage, there was a rapid corrosion stage, the corrosion reaction rate was high, and the protective oxidation layer was soon formed on the surface of metal specimens. As the oxidation layer gradually becomes thicker, the corrosion reaction rate gradually slowed down and tends to be flat at the later stage. With the percentage of straw biomass blended to coal increasing, due to the increasing the content of residual chloride in ash deposition, the rate of corrosion to metal specimens increases proportionately, and corrosion to metal specimens was most serious when all was straw biomass.
Temperature and concentration of HCl in the gas phase also had a significant influence on corrosion to metal. With the increase in temperature, the rate of corrosion to metal increased constantly. When the temperature was below 600°C, the rate of corrosion to metal specimens increased slowly. But when the temperature exceeded 600°C, the rate of corrosion to metal specimens increased significantly. e rate of corrosion to metal specimens rapidly increased with the increase in the concentration of HCl in the gas phase.
Using model fitting methods, the analyses on reaction kinetics of chlorine corrosion to metal heating surfaces were carried out under constant temperature condition. It is found that the experimental data were fitted well with one-dimensional diffusion model, and therefore, optimal kinetic model function and corresponding kinetics parameters of chlorine corrosion reaction were obtained, and finally, the reaction kinetics equation of chlorine corrosion to metal was established: dα dτ � 0.02167 exp − 205.5553
Notations
Explanation of symbols
A: Frequency factor, s Weight of specimens in the time of τ, mg w 0 , w ∞ : Initial and final weight of specimens, respectively, mg α:
Conversion rate from reactants to resultants in the time of τ ΔG:
Mass gain of corrosion to metal specimens, mg·cm Data Availability e data used to support the findings of this study are available from the corresponding author upon request.
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